I. INTRODUCTION
Transparent Conductive Oxide (TCO) films have been widely investigated and used in various devices, such as for instance solar cells, organic light emitting diodes, as well as for liquid crystal display panels. [1] [2] [3] [4] The most successful and commonly used TCO is Indium Tin Oxide (ITO), but Indium is likely to become a commodity in short supply in the near future. 5 Among the other investigated materials, polycrystalline fluorine-doped SnO 2 (FTO) thin films have received increasing interest in recent decades due to their use in a wide variety of devices, such as gas sensors, coatings, oxidation catalysts, or solar cells. [6] [7] [8] In the field of photovoltaic, FTO thin films are used as front electrodes in solar cells and should be as transparent and conductive as possible. Until now, a low resistivity of a few 10 À4 X cm has been reached with a high mobility of about several tens of cm 2 V À1 s
À1
and transmittance up to 90%. 1 FTO thin films are generally n-type materials and heavily doped with a charge carrier density larger than 10 19 cm
À3
: as a result, FTO thin films are polycrystalline degenerate semiconductors. The Fermi level is located in the conduction band; and according to the Moss-Burstein effect, the optical bandgap energy is larger than 3.6 eV and strongly depends on the charge carrier density. 9, 10 In order to improve solar cell efficiency, one parameter that needs to be optimized is the carrier mobility within the TCO. 11, 12 To further improve the carrier mobility of FTO thin films, a fundamental understanding of the electron scattering mechanisms is a prerequisite condition. Four different electron scattering mechanisms are reported to account for the electrical properties of TCO thin films: grain boundary (GB) scattering, phonon scattering, ionized impurity scattering, and twin boundary scattering. [13] [14] [15] [16] [17] In the former case, the contribution of the grain boundaries, which assume a disordered nature with a large number of defects originating from dangling bonds, is taken into account. This results in the formation of trapping states in the bandgap that are electrically charged, leading to the occurrence of intergrain band bending and potential energy barriers at grain boundaries that constitute barriers for the transport of free charge carriers. The mobility dependence on the potential energy barrier was reported early by Petritz. 18 It was stated in the approaches described, respectively, by Seto et al. 19 and Bruneaux et al. 20 that the potential barrier height depends on the charge carrier density and can be overcome by thermo-ionic emission or tunneling effects. For charge carrier densities lower than 10 20 cm
, it is expected that the mobility and resistivity are mainly driven by grain boundary scattering.
However, for charge carrier density higher than 10 20 cm
, ionized impurities can act as scattering centers and thus directly interact with free charge carriers according to Coulomb interaction. Conwell and Weisskopf 21 derived the mobility dependence on the charge carrier density in a truncated Coulomb potential while Brooks 22 introduced a screened Coulomb potential. Dingle 23 considered the case of a)
Author to whom correspondence should be addressed. 24 eventually took into account the non-parabolicity of the conduction band for FTO thin films. Generally, it is expected that the mobility decreases when free charge carrier density is increased.
Grain boundary scattering and ionized impurity scattering mechanisms have also been investigated in other TCO materials such as Ga-doped ZnO or ITO films and are often supposed to be the major scatterings. 25, 26 Besides, a process of twin boundary scattering is shown to play a role. Indeed, as discussed in this paper, the presence of a high density of lamellar twins in FTO can contribute to lower the observed electro-optical properties of FTO as compared with other TCOs.
In this work, the carrier mobility has been measured for FTO films grown under different experimental conditions. For each studied sample, the structural, electrical, and optical properties of FTO thin films are investigated by scanning and transmission electron microscopy imaging, x-ray diffraction (XRD), Hall Effect measurements, transmittance and reflectance (T&R) spectrophotometry, as well as spectroscopic ellipsometry (SE). An in-depth analysis of the relationship between the structural, optical, and transport properties enables to quantitatively estimate the contribution of each of the carrier scattering mechanisms, which vary with growth conditions. We also should outline that such investigation requires the determination of the effective mass, which is a key parameter for describing carrier transport in materials.
II. EXPERIMENTAL PROCEDURE

A. Deposition technique
Polycrystalline FTO thin films were grown by ultrasonic spray pyrolysis on a Corning C1737 borosilicate glass substrate. The growth temperature was varied in the range of 360 to 480 C. The chemical precursor solution was composed of 0.16 M of SnCl 4 Á 5H 2 O and x M of NH 4 F in a methanolic solution with x varying in the range from 0 to 0.28 M. The sprayed precursor solution volume and flow rate were varied in the ranges of 2 to 40 ml and 0.5 to 2 ml min À1 , respectively. The combination of all of these experimental parameters leads to FTO specimens with controlled charge carrier densities, grain sizes, and film thickness. 27 
B. Characterization
Field-emission scanning electron microscopy (FESEM) imaging was recorded with a ZEISS Ultra Plus microscope. Top-view FESEM images were processed using ImageJ in order to deduce the surface area of each grain. The size of a grain was defined as the square root of its grain surface area. Cross-sectional high resolution transmission electron microscopy (HRTEM) specimens were prepared by mechanical lapping and polishing followed by argon ion beam milling according to standard techniques. HRTEM images were recorded with a JEOL JEM-2010 microscope operating at 200 kV.
XRD patterns were collected with a Bruker D8 Advance diffractometer using CuKa 1 radiation according to the Bragg-Brentano configuration. The h-2h XRD measurements were performed between 20 and 70 (in 2-Theta scale). Hall effect measurements were performed at room temperature using a homemade setup operating under a magnetic field of 0.5 T in the classical Van der Paw configuration. Fluorine concentrations were measured by proton induced gamma ray emissions and results are reported by Ferrer et al. 28 Dielectric function of FTO thin films were measured either by SE or T&R spectrophotometry. SE measurements were performed at room temperature with three different angles of incidence (56 , 63 , and 70 ) and using a rotating compensator ellipsometer with CCD array detection (Woollam M2000). Before any SE measurements, the glass substrate backside was mechanically roughened using sand paper in order to suppress the influence of backside reflection. A simple optical model was used in the SE analysis where the FTO layer is composed of two layers: a perfect FTO layer plus a roughness layer. For the SE analysis using the optical model, dielectric functions (or optical constants) of each layer are required. The optical constants of the glass substrate were obtained from the SE analysis of the glass substrate and were expressed by the Sellmeier model. 29 The dielectric function of highly doped TCO layers can be modeled from the combination of the Tauc-Lorentz 30 and Drude models. 31, 32 Normal incidence transmittance and near-normal incidence reflectance (at 8 ) spectra were recorded between 250 and 2500 nm using a spectrophotometer (Perkin-Elmer Lambda 950). T&R data analysis was performed to calculate the refractive index with the help of a graphical inversion method. 27 Both experimental methods (SE and T&R) lead to very similar results in terms of dielectric functions.
III. RESULTS AND DISCUSSION
A. Structural properties
The structural morphology of FTO thin films is presented through the FESEM and HRTEM images of Figure 1 . Typically, FTO thin films are polycrystalline: a general feature always observed for the most common crystalline TCOs. The grain preferred orientation strongly depends on the FTO growth conditions: still, the h110i, h100i, and h301i crystallographic directions are generally dominant. 33, 34 A more specific characteristic of FTO concerns the presence of slightly textured sub-micrograins. Figure 1 clearly reveals the presence of planar extended defects (twins) crossing the entire grains. Moreover, their density is high as several extended defects can be observed within one grain. These extended defects can be identified by HRTEM imaging as {101} twin planes, in agreement with Refs. 20, 34, and 35. As a consequence, it is important to distinguish between grain size and crystallite size, the latter corresponding to the small coherent domains between two twin boundaries. In this study, the grain size (L g ) is determined from statistical analysis of top view FESEM images and defined as mean value of grain size weighted by the grain surface area (this definition is more relevant for transport properties analysis as larger grains show larger section). While the crystallite size (L c ) is associated with the coherent crystal length and is deduced from XRD patterns by using the Scherrer equation
where h is the Bragg angle, D(2h) the Bragg peak width, k the x-ray wavelength and K a correcting coefficient depending on experimental setup and crystallite shape and considered equal to 1 in the present case. We will assume in this work that the different crystallites will scatter x-ray in a non coherent way; and for the sake of simplicity; we will relate directly the coherent length to the average crystallite size. Figure 2 reports L c for several Bragg peaks by using the Scherrer relation and L g calculated from FESEM top view analysis as a function of film thickness controlled by the sprayed solution volume, all other parameters kept constant. 27, 33 As expected, the crystallite size is systematically much smaller than the grain size and the thicker the FTO film is, the larger both the grain size and crystallite size are (see Figure 2 ). This is consistent with grain growth observed in polycrystals where both normal and abnormal grain growths take place. 36 Applied to FTO films, these normal and abnormal grain growths processes depend on several film characteristics and especially upon film thickness and growth temperature. 33, 34 
B. Electrical properties
The electrical properties of FTO thin films are reported in Figure 3 as a function of film thickness. For this specimen series, only the sprayed volume was varied (from 2 to 40 ml) while all of the other process parameters were kept fixed. Therefore, it is not surprising to observe that the carrier density is not thickness dependent. The carrier mobility, deduced from Hall measurements, increases with film thickness. Qualitatively, this can be associated with an improvement in the crystalline quality: thicker specimens exhibit larger grains and crystallites (see Figure 2) , 33 which lower electron scattering originating from extended structural defects. A quantitative approach will be presented in Sec. III D where all of the electron scattering mechanisms will be discussed and calculated. As a consequence of increasing electron mobility and having a constant carrier density for thicker specimen, a decrease in electrical resistivity is observed. Values of 3.7 Â 10 À4 X cm can be measured associated with optical transmittance up to 86% in the visible range, corresponding to a Haacke's figure of merit 37 in the range of 27.7 Â 10 À3 X
À1
and can be considered to properties close to the state of the art for FTO specimen when compared with literature.
1,38
C. Dielectric function and free carrier model
In the spectral range of relevant electromagnetic wavelengths for the applications in which TCOs are used (i.e., solar cells, flat screens, etc.), free electrons dominate the electrical and optical properties. These properties can be described by the Drude free electron theory. 39 This latter theory often accounts for the measurable properties of TCOs, such as transmittance and reflectance, and their relationship to extrinsically controllable parameters (such as carrier concentration) and intrinsic uncontrollable properties (such as crystal lattice and effective mass).
If one assumes that electrons can freely move between two successive scattering events, the equation of motion can subsequently be solved by considering the effect of an electric field. 39 Therefore, the dielectric function of the material can be written as follow:
where e 1 is the value of the dielectric constant at high frequencies, s is the average time between two successive electron scatterings, and x P is called the plasma pulsation and corresponds to the collective oscillations of the free carriers of density n c
where m* is the carrier effective mass, e 0 is the vacuum permittivity, and e is the elementary charge. Therefore, the dielectric function e(x) can be described with only three parameters: e 1 ;x P , and s. The experimental dependence of e versus energy is reported in Figure 4 (a) for samples associated with three different carrier densities. The dashed lines represent the best fits obtained using Eq. (2). The good agreement between experimental data and the fits proves that the Drude model describes well the dielectric function behavior of FTO specimen. Small deviations are observed for the lowest wavelengths where interband transitions occur. However, the obtained values, reported in Table I , for e 1 ; x P , and s are in good agreement with data obtained from the literature. 40 D. Electron scattering mechanisms
Generalities
In this section, we consider approaches that enable us to quantitatively estimate which are the dominant carrier scattering mechanisms in the FTO films under investigation.
The two main scattering processes playing a dominant role in TCOs are: grain boundary scattering and ingrain scattering. The later refers to ionized impurity scattering and to a lower extent to phonons. 13, 25, 26 Single crystalline samples generally exhibit higher mobility than their polycrystalline variant, especially for low charge carrier densities, indicating that grain boundary scattering can be important.
1 However, the GB scattering dominance is still a question of debate. 41 The dominance of these scattering processes varies with electron concentration as well as with chemical compounds or with structural properties of the considered TCO thin film. In the case of electron concentration higher than 10 20 cm
À3
, the dominant scattering is often inferred to be ingrain scattering. 42, 43 In order to at least partially disentangle the effects of ingrain and GB scattering on electron transport in TCOs, a frequent approach consists in measuring the electron mobility in two different ways.
2, 25, 32, 44, 45 The Hall measurements describe the mobility of electrons (l Hall ), which are moving across many grains and grain boundaries in the conduction path. l Hall is then limited by both scattering processes within The dotted-dashed line shows fit using the Drude model associated with a x À3 behavior at low frequencies. In the high frequency range, line shows the x À9/2 dependence, which refers to ionized impurity scattering (see text). TABLE I. Experimental values of carrier density n c deduced from Hall effect measurements, plasma angular frequency x P , high frequency dielectric constant e 1 , and the mean time between two consecutive scattering events of free carrier s extracted from the fit of the dielectric function of FTO layers (Fig. 4(a) ) using Eq. (2). The effective mass m* is calculated from the values of n c , x P , e 1 , and s with the help of Eq. (3). the grains and at GBs. On the contrary, the optical mobility (l opt ), deduced from the analysis of free electrons in the framework of the Drude model theory, is only related to ingrain scatterings since the oscillation amplitude of carriers driven by the electromagnetic waves is much smaller than the size of the sub-structure delineated by extended defects in the present experimental conditions. By comparing l Hall and l opt , the contribution of GB scattering on electron mobility can then be estimated, as shown below. In addition to the main scattering mechanisms presented above, twin boundaries which are observed in FTO specimens, can also play a role in the carrier scattering, as discussed below. 35 
Determination of the effective mass and optical mobility
According to the Drude model theory, the optical mobility can be calculated using the following equation:
Thanks to the analysis of the frequency dependence of e(x) (reported in Figure 4 (a)) combined with Eq. (3), m Ã is determined and reported in Table I and in Figure 5 (a) as a function of the carrier density n c . The values are in agreement with those reported in the literature for FTO. 9, 46 The increase of m Ã versus n c indicates that the FTO conduction band has a non parabolic dispersion relation. Indeed, for degenerated semiconductors, the energy wave-vector relation is no longer parabolic. The effective mass can then be expressed following: 24, 46 
where 1 is called the non-parabolicity constant of the conduction band and m 0 Ã is the effective mass at the bottom of the conduction band. The best fit of m Ã ðn c Þ is reported as a solid line in Figure 5 . 46 This analysis shows that in the case of degenerated FTO, the dependence of the effective mass versus the carrier density should be considered. The m Ã values can vary by a factor of two in the n c value range considered here.
Finally, Figure 5 (b) reports both Hall and optical carrier mobility versus the carrier density. As discussed earlier, l opt is only associated with the scattering events occurring within crystallites, while l Hall takes into account scattering effects originating from grain boundaries or twins as well.
For lightly doped FTO specimens (i.e., n c < 10 20 cm
À3
), l opt is significantly larger than l Hall . This is an indication that, for the slightly doped FTO thin films, twins and GBs have a large contribution on the carrier scattering: this is due to the occurrence of potential barriers at extended defects, limiting the mobility.
For highly doped FTO specimens, l opt and l Hall have rather similar values; this would indicate that the main scattering mechanism would be ingrain scattering. However, this is not valid for all highly doped specimens as some of them show a much higher l opt than l Hall and an in depth study has to be considered to identify the contribution of each mechanism, as shown below. The fact that l opt could even be slightly lower than l Hall does not have any physical meaning and might rather arise from experimental uncertainties, especially for the thicker FTO samples, where the roughness is not taken into account for data extraction.
Ingrain scattering effects on electron mobility
Ingrain scattering effects are often dominated by ionized impurities and the associated mobility is denoted l ii . To a less extent, the scattering from neutral impurities should also be considered and the associated mobility is denoted l n . Finally, one should also take into account the electron scattering by phonons to which is attached the mobility l ph . By assuming that these three scattering mechanisms are independent, the Matthiessen law can be used for calculating the ingrain mobility l cr
The expression of l ii can be computed for degenerate semiconductors by taking into account the non-parabolicity of the conduction band 24, 26 where e r is the relative dielectric constant, Z ii and N ii are respectively the charge (in elementary charge unit) and the concentration of ionized impurities. As reported elsewhere, 27 l n can be neglected, in agreement with conclusions from similar works on ZnO or ITO. 26 The carrier scattering by phonons can be estimated by using the mobility data measured for SnO 2 single crystals with a low doping concentration (n c ¼ 8.5 Â 10 15 cm
À3
). 47 A phonon mobility value of 260 cm 2 V À1 s À1 at room temperature was reported, 47 which is much higher than the experimental mobility of polycrystalline FTO thin films as reported in Figure 3 . Therefore, the ingrain contribution to the mobility should be mainly dominated by ionized impurity scattering and to a much lower extent by phonon scattering. An assessment of this conclusion can be provided by analyzing the frequency dependence of the imaginary part of the dielectric function ImðeðxÞÞ as reported Figure 4(b) . Different behaviors are expected, depending on the relative values of E F and h.x. For each sample, using the previous obtained values of each parameter, the Fermi energy can be expressed from the bottom of the conduction band by 24, 46 E F ¼ 1 2:1 :
According to the literature, for photon energy lower than the Fermi level E F ( h:x ( E F ), eðxÞ is well described by the Drude model. 48 While for photon energy higher than the Fermi energy E F , Im(eðxÞ) variation with x depends on scattering mechanisms. If x 2 .s 2 ) 1, then the dependencies of Im(eðxÞ) can be considered as followed:
À3 following the Drude model ! If h.x ! E F : ImðeðxÞÞ / x À5/2 for acoustic phonon scattering / x À7/2 for optical phonon scattering / x À9/2 for ionized impurity scattering.
Figure 4(b) exhibits the x dependence of ImðeðxÞÞ showing the Drude's dependency for low x value ( hx ( E F ) and a dependency with x À9/2 for the higher x value range ( h:x ! E F ). This observation confirms that ionized impurity scattering is the dominant mechanism for the ingrain mobility.
Finally, by taking into account the uncertainty of the fluorine concentration that was measured by proton induced gamma ray emissions, 28 this leads to a mobility l cr value in the range of 37 to 53 cm 2 V À1 s À1 calculated with the help of Eqs. (6) and (7). 27 
Effects of extended defects on electron mobility
As shown in Figure 5(b) , the mobility l Hall does not follow the dependence for ionized impurity scattering for highly doped samples (2 Â 10 20 cm À3 < n c < 4.6 Â 10 20 cm
À3
). (211), (310), and (301). For both cases, it should be noted that the mobility follows a rather linear dependence. Such a linear dependence between carrier mobility and grain size has already been reported in the literature for Ga-doped ZnO layers grown by molecular beam epitaxy. 16 Although the dependence of l Hall versus L c or L g is clearly shown in Figure 6 , it is not possible to conclude on the limiting mechanism between grain, twin boundary scattering, or ingrain scattering since the contribution of the two first scattering mechanisms have not yet been disentangled. Therefore, grain boundary effects on electron mobility will be discussed in Sec. III D 4 a while the effects of twin boundaries will be discussed in Sec. III D 4 b.
a. Grain boundary effects on electron mobility. Grain boundaries lead to electronic defects in the semiconductor band gap. These defect levels are charged by carriers from grains and are attributed to dangling bonds of ions situated at the border of the grains. Charge balance causes a depletion zone on each side of a grain barrier, which leads to an energetic barrier of height / b for the carriers. 19 Carriers should cross this barrier either by tunnel effect or by thermo-ionic emission. For degenerate semiconductors, the Fermi level can be higher than the barrier height / b . The mobility associated with the presence of grain boundaries can be calculated through the following equation: 14, 50 
where c ef f is a correcting factor ranging from 0 to 1. 14 L g is the average distance between neighboring GBs and can be associated in a first approximation with the grain size deduced from FESEM analysis, K is the mean free path of carriers within grains and finally w b is the GB potential barrier width. Note that c ef f is associated with the non-homogeneity of the current density flowing through the material. This is attributed to grain size distribution as well as to the variations of the chemical composition at GBs as explained in details by Prins et al. in Ref. 14. The mean free path for a degenerated semiconductor can be estimated through the following equation:
Using the depletion approximation, w b and / b can be expressed as follow:
where Q t is surface density of electron traps at the grain boundary, which is reported at 4 Â 10 12 cm À2 in case of FTO.
20 N d is the density of electron donor impurities. Therefore, the contribution of grain boundaries to electron scattering can then be calculated using Eqs. (9)- (11) as follows: . The only remaining unknown parameter is c eff . It will be considered as one of only two free parameters when the total electron mobility will be calculated in Sec. III D 5.
b. Twin boundary effects on electron mobility. The influence of defects, such as twins, has already been considered in the literature for the highly doped semiconductors. When the average distance between such defects is known (supposed here to be equal to L c ), their contribution to the electron mobility l twin can then be calculated by
where r(k) is the probability of scattering an electron having a wave vector k. k F is the Fermi wave vector which dependence with n c should consider the non-parabolicity of the conduction band as discussed above and is deduced from the Fermi energy (Eq. (8)) and from the non parabolic dispersion relation:
By assuming that r does not depend on k, Eq. (13) then leads to
Using a value 0.5 for r, 52 one can then deduce the following expression for l twin (only valid for the highly doped samples with 2 Â 10 20 cm À3 <n c < 4.6 Â 10 20 cm
):
Total electron mobility
The influence of each of the different scattering mechanisms has been discussed and quantified in the previous sections. Hence, numerical values of the twin contribution of the electron mobility l twin (Eq. (15)) associated with l GB (Eq. (12)) and l cr (see Sec. III D 3) will be used to disentangle the relative contribution of each scattering mechanism to the total electron mobility for highly doped samples (2 Â 10 20 cm À3 <n c < 4.6 Â 10 20 cm
À3
). The global electron mobility, l, can now be expressed as follows:
With: l cr 2 Refs: 37 and 53 ð Þ ; (16a)
where mobilities are expressed in cm
, L g and L c in nm and n c in nm À3 . The only two unknown parameters are c ef f and l cr . We assume that c ef f and l cr are the same for all samples since the considered doping range is narrow (2 Â 10 20 cm À3 < n c < 4.6 Â 10 20 cm À3 ). The best fit obtained using Eq. (16) is reported in Figure 7 ðL g n c À1=4 ; L c n c À1=3 Þ space using a color-mobility correspondence. The experimental data are shown with circles whose color indicates the experimental Hall mobility value. Figure  7 (a) exhibits a rather good agreement between experimental and calculated values as the tone/color of figure background follows the tone/color of circles. In order to compare the relative contribution of the three different mechanisms, the relative importance of each scattering phenomenon i was defined as l/l i and is plotted in Figure 7 (b) for three FTO specimens A, B, and C whose thickness is 30, 160, and 440 nm, respectively. The mechanism which has the lowest mobility has the strongest influence on the total electron mobility in the film. For sample A (thinnest layer), the GB scattering is the dominant mechanism. For higher carrier mobility (like for the thickest sample C), the main scattering mechanism contribution is related to the ingrain one. This latter is mostly due to ionized impurities and to a lesser extent to phonons. Sample C corresponds to larger values of L c and L g compared with samples B and A.
It appears that for the three samples A, B, and C, twin boundaries have rather small effects on electron mobility. The two main scattering mechanisms are then related to the contribution of ingrain and grain-boundary. To compare these two effects, one can remove the calculated contribution arising from twin boundaries to the total mobility and plot this reduced mobility versus L g n c À1=4 (proportional to l GB ) as reported in Figure 8 . The dashed and dotted-dashed curves are associated with GB and ingrain contributions, respectively. The continuous curve corresponds to the calculation of this reduced mobility while experimental values are represented by circles. The model show good agreement with experimental data. In Figure 8 , the influence of fitting parameters can directly be assessed. Indeed, c ef f determines the slope of the GB contribution (dashed curve) and l cr fixes the constant value of ingrain contribution (dotted-dashed curve). As the combination of these two diffusion mechanisms within the Matthiessen law gives the reduced mobility (i.e., continuous curve), the fitting parameters shape the asymptotic behavior of the reduced mobility at L g n c À1=4 ! 0 and L g n c À1=4 ! 1. It should be noted that for the highly doped sample (2 Â 10 20 cm
values are mainly dependent upon L g variations. For samples having low L g n c À1=4 values (small grains), the mobility is mainly limited by grain boundaries since l GB < l cr . On the contrary, specimens having large L g n c
À1=4
values (large grains) have mobility mostly limited by the ingrain scattering and as a consequence mobility is improved in comparison with FTO having small grain.
In other words for highly doped FTO specimens, the extended defects (mainly GB and in a lesser extend twin boundaries) can reduce the carrier mobility when the defect density is high, i.e., when FTO thin film is composed of small grains. In the case of FTO suitable for solar cell applications (resistivity as low as 3.7 Â 10 À4 X cm and sheet resistance of 8 X/ٗ), ingrain scatterings are the main source of carrier transport limitation with a relative contribution of about 2/3. For these high doped specimens, ingrain scatterings are due to ionized doping impurity for 80% and phonons for 20%.
IV. CONCLUSIVE REMARKS AND PERSPECTIVES
In conclusion, polycrystalline FTO thin films have been grown by ultrasonic spray pyrolysis on glass substrate. By varying growth conditions, several FTO specimens have been deposited and their structural, electrical, and optical properties have been investigated. Structural observations reveal the presence of extended structural defects, such as grain and twin boundaries. The former are always present in crystalline TCOs but the latter is mainly representative of the FTO specimens. The contribution of each physical mechanism involved in the electron scattering has been considered. An expression has been derived to predict the influence of each mechanism upon the carrier mobility with only two free parameters. A thorough comparison between experimental data and calculations has enabled to disentangle these different mechanisms whose relative importance is then deduced. As expected, extended structural defects play the major role for thin FTO layers and its relative importance continuously decreases when the specimen thickness is increased due to increase of both grain size and crystallite size. For thicker FTO films, the ingrain scattering prevails, and more particularly, ionized impurity scattering. Twin boundaries also play a role, but with lower consequences than grain boundaries. The predominance of grain boundary scattering or ionized impurity scattering is under debate for FTO and other TCOs, the present study show that in case of FTO, one or the other can prevail over the other it depends on the specimen structural properties and doping level.
Finally, the present investigation provides a contribution towards the better understanding the physical origins of any improvement in the electro-optical properties of FTO thin films.
As a consequence, the obtaining of FTO layer with appropriate electro-optical properties for integration in solar FIG. 8 . Reduced mobility of the free carriers versus L g n c À1=4 for highly doped FTO samples. The circles correspond to experimental data from which the twin boundaries contribution has been removed. This allows to observe the effects of the two prevailing scattering mechanisms: grain boundary and ingrain, represented as dashed and dashed-doted curves, respectively. The continuous curve corresponds to the calculation of this reduced mobility, showing a good agreement with experimental reduced mobility.
cell requires both the stoichiometry and the microstructure growth control. We reported here FTO thin films, 440 nmthick, that exhibit a sheet resistance of 8 X/ٗ, while retaining good transmittance over the visible range (up to 86% including substrate effect). Such a thin FTO layer is well optimized for being integrated as the front electrode, for instance, in a ZnO based dye sensitized solar cell, as recently shown by our group. [53] [54] [55] Finally, the present investigation provides a contribution towards the better understanding the physical origins of any improvement in the electro-optical properties of FTO thin films.
